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Abstract
The morphology and suction dynamics of intertidal multiple sand bars is examined to provide insight into the factors
controlling the bar characteristics. Field experiments over the intertidal sand waves show that the vane shear strength near
sediment surface increases with suction behavior. Richards equation which expressed suction and ground water dynamics were
used in a numerical model. The laboratory experiment which simulates the ebb and flow upon sandy flats was used for
validation of the proposed model. In the numerical experiment of tide-dominated conditions which mean quite small bedload
effects, morphological changes show close relationships with suction dynamics due to suction-induced void state changes.
© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of organizing committee of APAC 2015, Department of Ocean Engineering, IIT Madras.
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1. Introduction
Intertidal multiple sand bars are found on mesotidal and macrotidal beaches. The quantitative understanding of
intertidal morphology and sediment transport is important for the successful utilization of the intertidal zone
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including tidal flat reclamation, coastal wetland creation, and restoration. The persistent nature of intertidal
multiple sand bars has been the subject of much speculation concerning the hydrodynamic mechanisms involved.
Despite the development of several studies to explain the formation and maintenance of multiple sand bars, a
consensus has not been achieved yet (King and Williams, 1949; Short, 1975, 1991; Certain and Barusseau, 2005;
Masselink, 2004; Masselink et al, 2006). Most sediment transport models rely on the bed shear stress as the
mobilizing force, however, bed shear strength varies temporally and spatially due to change of sediment void state.
Thus the sediment-compaction mechanism associated with tide-groundwater interactions needs to be understood.
Sassa and Watabe (2007) demonstrated that the dynamics of suction, i.e. negative pore water pressure relative to
atmospheric air pressure, have a direct impact on the surface shear strength of soils due to the suction dynamics
induced cyclic elastoplastic contraction. It has also been theoretically shown that the interplay between the effects
of suction dynamics and sediment transport and morphology plays a crucial role in the intertidal bar morphodynamics
(Sassa and Watabe, 2009). However, little is known of their practical effects for stabilization of multiple sand bar
morphology in the absence of comprehensive data. In this study we performed a field survey over the intertidal
sand bars and used a numerical model to discuss the relationship between spatiotemporal varieties of suction and
morphological change.
2. Field survey
Okoshiki Beach is located in Uto Peninsula, nearby the enterance of Ariake Bay, Kyushu Island (Fig. 1. (a)).
Ariake Bay is a semi-closed inner bay. Its length along the central axis is 97 km and the average width is 20 km.
The average water depth is 20 m and tidal flats are often seen in the bay shoreline. Midorikawa River and
Shirakawa River flows into the bay at 7.5 km northeast and 12.5 km  north of Okoshiki Beach, respectively (Fig. 1.
(b)). Sediment consists of volcanic black sand and mud originated from Mt. Aso Volcano. Tidal range at this field
site is 3.86 m and mesotidal. On the tidal flat of Okoshiki beach, intertidal multiple sand bars are exist as shown in
Fig. 1. (c). The shape of the bar as seen from above is convex towards onshore-side and ten-odd bars are arranged
in a line. Morphlogical stability is a peculiarity of these multiple bars and the distribution of these multiple bars has
not been changed for few decades (Yamada and Kobayashi, 2006; Yamada and Kobayashi, 2007).
Some surveys on multiple bars of Okoshiki Beach were performed at low tide of 14 June 2010. The ground
surface level of the line shown in Fig. 1. (c) was measured in every 1.0 m. Then we performed inspection of the
groundwater level and pore-water pressure of surface layer of sediment (-0.02 m beneath), vane shear tests, and
undisturbed sampling of surface layer on each crests and troughs of the measurement line.
Fig. 1 (a) Kyushu Island and Ariake Bay; (b)Field site in Ariake Bay; (c) Aerial photograph of Okoshiki Beach.
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Fig. 2. (a) represents the cross shore profile and the distribution of ground water level. The water table tends to
be deeper at crests than at troughs of sand waves and ground surface is covered with water at most troughs.
Therefore occurrence of suction will be spotted at almost all crests and Fig. 2. (b) shows that the distribution of
negative pore water pressure, agrees with this supposition.
The result of granulometric analysis of samples showed that mud contents sampled at crests are not exceeding
10 % and mean diameter of those samples is 0.33 mm, while mud contents sampled at troughs are over 20 % and
mean diameter of those samples  is 0.2 mm. distribution of  relative density Dr is plotted to consider variety of void
state (Fig. 2. (c)). The criterion of dense packing is ‘Dr > 60 %’. Conversely, ‘Dr < 40 %’ is the standard of loose
packing. Impact of suction dynamics occurs at crests, where suction develops on the ebb tide. Then the mean Dr of
crests was 66.6% that shows it was densely packed, while the mean Dr of troughs was 19.8 %, showing that it was
extremely loose.Vane shear test, which is instant method used to estimate the shear strength of sediment was
performed. The apparatus was composed of a four-blade stainless steel vane, a steel rod, and other parts. The
dimensions of each blade were 40 mm in width, 10 mm in height, and 0.8 mm in thickness. We measured the vane
shear strength of sediment surface layer at depths from 0 to -0.01 m below the ground surface. In contrast to the
vane shear strength measured at troughs, that measured at crests is more intense due to the dense packing (Fig. 2.
(d)).
Fig. 2 Distributions of (a) Elevation ; (b)Pore water pressure ; (c) Relative density ; (d) Vane shear strength.
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The relationship between pore water pressure and relative density is shown in Fig. 3. (a). The more suction
developed, the more the sediment was compacted. The relationship between pore water pressure and vane shear
strength is also shown in Fig. 3. (b). The more suction developed, the more sediment strengthened in terms of vane
shear strength. These results indicate that the bulk density and the soil strength varies linearly due to the degree of
suction experienced in ebb tide. The repetition of tide makes impact of suction dynamics harder and as a
consequence of the suction dynamics induced cyclic compaction, crests acquire stiffness enough to resist
disturbance of waves despite the fact that the magnitude of suction undergone in a single cycle of ebb and flow is
slight. Thus outcomes of the present survey in the tidal flat of Okoshiki Beach set an example of the densification
and strengthening due to suction dynamics and correspond well to the measurement on Banzu Tidal Flat performed
by Sassa and Watabe (2007).
Fig. 3 Linear Relationship of pore water pressure versus ; (a) Relative density (b)Vane shear strength.
3. Numerical verification
In the prior chapter, the void state change due to suction dynamics on tide dominant flat is ascertained, however,
spatial distribution and time history of suction was not demonstrated. Now we consider spatiotemporal variety of
pore water pressure and void state by simulating the experiment performed by Sassa and Watabe (2007) with the
use of a numerical model, and morphological effects of suction dynamics on tidal flat.
3.1. Setup of numerical model
The numerical model is composed of external fluid part using nonlinear shallow water equations (NLSWEs)
and ground water part using Richards equation. The depth, a distance between external water surface and ground
face, is regarded as pressure head in this model when it is a flood tide. Then we modified 2dv Richards equation
considering void ratio change over time and space. The fundamental equations of external fluid part are as follows:
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where t = time; x and y = Cartesian coordinates; U and V = the depth averaged velocity in x and y directions; M and
N = unit width discharge in x and y directions; h = the water depth; eb = height of ground levels; g = acceleration
due to gravity; n = Manning coefficient; νT = kinematic eddy viscosity.
The modified Richards equation used in ground water part is based on the following simplifying theoretical
assumptions: (1) The tidal flat soils remain saturated in both periods of exposure and submergence under
semidiurnal fluctuations of tides. (2) Suction-induced elastoplastic soil deformation occurs one directionally at a
given vertical column of tides. (3) No soil deformation occurs in the absence of suction (Sassa and Watabe, 2007).
Then, the equation for the mass conservation regarding the coupled processes of pore water flow and of
elastoplastic deformation in the cyclically exposed/submerged soil, can be expressed as follows:
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Where p = water pressure; kw = the soil permeability; λs = the elastoplastic coefficient of soil compressibility; κs =
the elastic coefficient of soil compressibility; pr < 0 is a reference pore water pressure; ξ > 0 is a material parameter.
Changes of pore water pressure cause concurrent changes of the void state e and the morphological
displacement in height H , as follows:
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The following formulation of kw – e relationship proposed by Taylor (1948) for sand was used:
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where kr = a reference permeability of the sediment.
The calculation was performed on a difference method forming 20 mm square mesh and the time step was
1/1000 s. Parameters used in this equation are based on those of Sassa and Watabe (2007).
3.2. Outline of the former experiment
The model flat experiment simulated in the numerical verification was designed to acquire insight into the
dynamics of newly deposited sediment due to semidiurnal fluctuations of water level (Sassa and Watabe, 2007).
The setup of the experiment is briefly explained in Fig. 4. Two reservoirs were installed at both ends of the water
tank. ‘offshore side’ reservoir had a drainage and  a water actuator and another reservoir had a drainage. D50 of the
sediment used in this experiment was 0.3 mm and the mud content was 17 %. Initial void ratio was set as 1.1. A
triangular waveform variation with a period of 12 hours was imposed at the offshore side of the model flat. The
highest water level, i.e. initial water level, was z = 1.1 m, and the lowest ground water level was z = 0.55 m.
Fig. 4 Setup of the model tidal flat experiment performed by Sassa and Watabe (2007).
3.3. Results and discussion
Fig.5 shows the result of the numerical simulation together with that of the experiment of Sassa and Watabe
(2007). Against the history of actuated water level at the offshore side (broken line), a phase lag existed in time
series of the water level measured at the onshore side (chain line). Moreover, the result of calculation represented
as a solid line also had a similar phase lag. The computed chronocline of groundwater / water level was reproduced
precisely. Hence, this model can be regarded as having capability of reproducing ground water dynamics.
Fig.6 (a) represents time and space variety of pore water pressure simulated by the numerical model. The
colored part indicates the presence of suction. It can be seen that the area of developing suction shifts in cross
shore direction. Since the development of suction modulated in response to the phase lag, distribution of suction at
2 hours later was different from that of 8 hours later, same groundwater level at offshore side. Likewise,
distribution of suction at 4 hours later was not same as that of 6 hours later. We show the periodically aggregate
value of pore water pressure to examine how the spatiotemporal variety of suction affects bed changes and void
state of the sediment, as shown in Fig. 6 (b). Colored parts in this figure correspond to the integrated value of
negative pore water pressure over a period of 12 hours and the darker it is plotted, the more the effect of suction
ensues. The depth of integrated suction is increasing so as to be directed in seaward. Accordingly, the degree of
compaction and bed change can vary in cross-shore direction. Fig. 6 (c) shows the comparison between bed change
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measured and that derived from Eq. 8, considering volume change due to void state change. The fluctuation of
vertical displacement measured at offshore side (thin broken line) is greater than that measured at onshore side
(thin solid line), therefore it can be certified that suction dynamics cause bed change as the area of integrated
suction extends. In the result of this computation, the peak is delayed at the onshore side and the net displacement
in a period is found.
Fig. 5 Comparison of measured and calculated results on temporal variation of groundwater / water levels during a single tide cycle
Fig. 6 (a) spatio-temporal variety of suction; (b) the integrated value of suction through a cycle of tide; (c) vertical displacement history.
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4. Conclusion
In order to obtain insight into the effects of suction dynamics on stability of intertidal multiple bars, a series of
field surveys over the sand bars of Okoshiki beach were conducted. The results showed that the vane shear strength
near sediment surface increased with suction behavior and corresponded well to the prior research on Banzu Flat
performed by Sassa and Watabe (2007). We used a 2 layer model consisting of NLSWEs which calculated
external fluid motion and Richards equation which accounted for groundwater and pore water pressure dynamics.
The laboratory experiment simulating tide-dominated conditions on sandy flats was used for validation of the
present model. The results of the numerical simulation of the experiment indicated that the morphological changes
have close relationships with suction dynamics due to suction-induced void state changes.
However, the proposed model used the waterhead as the joint of 2 layers. Thus the process of the infiltration
and outflow of water was not considered. Also, examining the effect of suction on swash zone, where dynamic
interaction between external flow and groundwater behavior ensues, has a possibility to improve the predictability
of sediment transport in the intertidal zone.
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